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Recent studies of quantum circuit models have theoretically shown that frequent measurements
induce a transition in a quantum many-body system, which is characterized by the change of the
scaling law of the entanglement entropy from a volume law to an area law. In order to propose a way
for experimentally observing this measurement-induced transition, we present numerical analyses
using matrix-product states on quench dynamics of a dissipative Bose-Hubbard model with control-
lable two-body losses, which has been realized in recent experiments with ultracold atoms. We find
that when the strength of dissipation increases, there occurs a measurement-induced transition from
volume-law scaling to area-law scaling with a logarithmic correction in a region of relatively small
dissipation. We also find that the strong dissipation leads to a revival of the volume-law scaling
due to a continuous quantum Zeno effect. We show that dynamics starting with the area-law states
exhibits the breaking of ergodicity, which can be used in experiments for distinguishing them from
the volume-law states.
In a generic quantum many-body system, a pure state
is thermalized via long-time evolution, i.e., its expecta-
tion values of local observables are very close to those
given by a statistical (micro-) canonical ensemble [1–
3]. The entanglement entropy of such a thermal pure
state obeys volume-law scaling, corresponding to the fact
that the entropy of a thermal density matrix is exten-
sive [4–6]. Recent advances in understanding and con-
trolling coherent quantum many-body dynamics have re-
vealed a few exceptional systems which do not show
such thermalization. First, in integrable systems, such
as the Lieb-Liniger model and the one-dimensional (1D)
Ising model with a transverse field, many integrals of
motion prevent a pure state from relaxation towards
a thermal state [1, 7–9]. Second, in many-body local-
ized (MBL) systems, disordered potentials forbid ballis-
tic propagation of quantum information such that the
entanglement entropy grows only logarithmically with
time [2, 3, 10, 11].
Recent theoretical studies of quantum circuit models
have proposed another class of exceptional systems [12–
21]. In these studies, random unitary dynamics with
probabilistic measurements have been investigated. It
has been shown that when the probability of measure-
ments increases, the scaling law of the entanglement en-
tropy exhibits a transition from a volume law to an area
law at a certain critical point. Since the volume-law scal-
ing is a necessary condition for a pure state to be thermal,
the emergence of the area-law scaling means that many
measurements prevent a state after long-time evolution
from the thermalization. Despite the intensive interest
in this measurement-induced transition (MIT), its exper-
imental observation is still lacking. In order to observe
the MIT, one needs an experimental system with long co-
herence time and high controllability of measurements.
Ultracold gases have served as an ideal platform for an-
alyzing long-time coherent dynamics of many-body sys-
tems thanks to their long thermalization time and iso-
lation from the environment. Indeed, coherent quan-
tum dynamics of integrable systems [7] and MBL sys-
tems [22] has been observed in this platform for the first
time. Recent experiments have successfully introduced
controllable dissipation to ultracold-gas systems to cre-
ate and manipulate quantum many-body states [23–27].
Since the introduced dissipation corresponds to a contin-
uous quantum measurement, which can be interpreted as
probabilistic measurements in terms of quantum trajec-
tory representation of open quantum systems, we expect
that it may be utilized for causing the MIT.
In this Letter, we propose a specific protocol to realize
the MIT with use of ultracold gases in optical lattices. By
means of the quantum trajectory method implemented
with matrix product states (MPS) [28–30], we analyze
the 1D Bose-Hubbard model with two-body losses, which
can be widely controlled in experiment by the strength
of a photoassociation (PA) laser [26]. We find that this
system exhibits a MIT from volume-law scaling to area-
law scaling with a logarithmic correction (ALSLC) when
the strength of the two-body losses increases in a weakly
dissipative regime. Moreover, we find another MIT in
a strongly dissipative regime. The latter transition can
be attributed to a continuous quantum Zeno effect (QZE)
and has not been reported in previous literature studying
quantum circuit models. We also analyze dynamics after
release of the particles to an empty space in order to
show that the states with ALSLC can be distinguished
from the volume-law states by observing the breaking of
ergodicity.
Model and methods.– We consider ultracold bosons
confined in an optical lattice. We assume that the lat-
tice potential in the transverse (yz) directions is so deep
that the hopping in these direction is forbidden, i.e., the
system is 1D. We also assume that the lattice potential
in the longitudinal (x) direction is deep enough for the
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2tight-binding approximation to be valid. The two-body
losses can be introduced by exposing the system to a
PA laser [26], which couples a local two-atom state to a
molecular state with a very short lifetime. In this sys-
tem, the time-evolution of a density matrix ρˆ(t) can be
effectively described by the master equation in Lindblad
form [26, 31, 32]
d
dt
ρˆ(t) = − i
h¯
[Hˆ, ρˆ(t)] + Lˆ[ρˆ(t)] (1)
with the 1D Bose-Hubbard Hamiltonian
Hˆ = −J
M−1∑
i=1
(bˆ†i bˆi+1 + H.c.) +
U
2
M∑
i=1
nˆi(nˆi − 1), (2)
and the Lindblad superoperator for two-body atom losses
Lˆ[ρˆ] = −γ
2
∑
i
(bˆ†i bˆ
†
i bˆibˆiρˆ+ ρˆbˆ
†
i bˆ
†
i bˆibˆi − 2bˆibˆiρˆbˆ†i bˆ†i ). (3)
Here, J is the hopping amplitude, M is the number of
lattice sites, bˆ†i (bˆi) creates (annihilates) a boson at site
i, U is the on-site Hubbard interaction that we set as
U/J = 5.0 in this study, nˆi = bˆ
†
i bˆi, and γ is the strength
of the two-body inelastic collision which can be controlled
by the intensity of the PA laser. We denote the number of
remaining particles in the system as N , i.e., N =
∑
i 〈nˆi〉.
At initial time t = 0, we assume that the system is a
Mott insulating state at unit filling, i.e., |ψ0〉 =
∏
i bˆ
†
i |0〉
and thus ρˆ(0) = |ψ0〉 〈ψ0|, where |0〉 denotes the vacuum
state.
Solving the master equation (1) requires a very high
numerical cost in general because the number of coeffi-
cients in the density matrix is the square of the dimension
of the Hilbert space. To circumvent this difficulty, we use
quantum trajectory techniques which treat pure states in
the density matrix [28, 29] instead of treating the den-
sity matrix directly. Following the quantum trajectory
techniques, we calculate the time-evolved state
|ψ(t)〉 = e−i th¯ Hˆeff |ψ0〉 (4)
with the effective non-hermitian Hamiltonian
Hˆeff = Hˆ − i h¯γ
2
∑
i
bˆ†i bˆ
†
i bˆibˆi. (5)
As time t increases, the norm of the time-evolved state
|ψ(t)〉 decreases because of the non-hermitian part of
the effective Hamiltonian Hˆnh. When the squared norm
of the time-evolved state becomes lower than a random
number generated from the uniform distribution (0, 1),
we calculate a probability pi ∝ 〈ψ(t)|bˆ†i bˆ†i bˆibˆi|ψ(t)〉 and
choose one index j according to the probability pi. Then,
the jump operator bˆj bˆj is applied to |ψ(t)〉 and the state
is normalized. This stochastic process emulates the open
dynamics described by the master equation in Lindblad
form, and the expectation values are obtained by the
sample average
〈Oˆ(t)〉 = Tr[Oˆρˆ(t)]
' 1
K
K∑
l=1
〈ψl(t)|Oˆ|ψl(t)〉
〈ψl(t)|ψl(t)〉 ,
(6)
where |ψl(t)〉 is the l-th sample of the stochastic process
and K is the number of samples. Notice that the appli-
cation of the jump operator and the subsequent normal-
ization correspond to a quantum measurement. In the
sense that a series of the measurement events stemming
from the dissipation occur probabilistically according to
the random number and the probability distribution pi,
the dissipation can be interpreted as probabilistic mea-
surements.
For numerically efficient calculations in 1D, we rep-
resent a state |ψ(t)〉 with MPS and perform the time
evolution by means of the time-evolving block deci-
mation algorithm [33–36] using the optimized Forest-
Ruth-like decomposition [37]. The truncation error is
set to be less than 10−8, and the time step ∆t is
adaptively changed after each jump operation as ∆t =
min{− log(0.9)h¯/ 〈ψ(t)|iHˆnh|ψ(t)〉 ,∆tmax} in order to
avoid a rapid decrease in the norm of wavefunction. Here,
∆tmax is the upper bound of the time step that we set
to be 0.05h¯/J (0.02h¯/J) for small to intermediate h¯γ/J
(large h¯γ/J ≥ 100).
It should be cautioned that we have to define what we
call “entanglement entropy” in this study because the
ordinary entanglement entropy is defined only for pure
states |φ〉 on a system biparted into subsystems A and B
as
SA(t) = −TrρˆA(t) ln ρˆA(t), (7)
where ρˆA is a reduced density matrix defined as
ρˆA(t) = −TrB |φ(t)〉 〈φ(t)| . (8)
Here, TrB means a partial trace over the subsystem B.
In this study, as well as other studies investigating the
MIT, the statistical average of the entanglement entropy
of |ψ(t)〉 /√〈ψ(t)|ψ(t)〉 is called “entanglement entropy”
and the size dependence of the “entanglement entropy” is
discussed. In other words, what we discuss is typical be-
haviors of the entanglement entropy of relevant states in a
density matrix ρˆ(t). An equal bipartition does not always
give the maximal entanglement entropy in the presence
of the two-body loss. Therefore, we define the average of
the maximal bipartite entanglement entropy
Smax(t) =
〈
max
A
SA(t)
〉
, (9)
where maxA means the biparted subsystem A that gives
the maximal entanglement entropy. In this study, we dis-
cuss the scaling law of the “entanglement entropy” based
3on Smax(t). Hereafter, we call Smax(t) as entanglement
entropy for simplicity.
It is worth noting that the MIT in the Bose-Hubbard
model (2) with local projective measurements has been
studied in Ref. [21]. In contrast to the previous study,
here we incorporate the specific form of controllable dis-
sipation that has been experimentally realized and show
an observable suited for characterizing the transitions.
(a) (b)
FIG. 1. Time evolution of the entanglement entropy for
(a)h¯γ/J = 0.5 and (b) h¯γ/J = 5.0 for several system sizes.
Error bars indicate 1σ uncertainty.
Measurement-induced transitions in the dissipative
Bose-Hubbard models.– Figure 1 shows the time-
evolution of the entanglement entropy for different values
of h¯γ/J and M . By comparing the case of (h¯γ/J,M) =
(0.5, 24) with that of (h¯γ/J,M) = (5.0, 24), we see that
the dissipation suppresses the growth of the entanglement
entropy. Thanks to this suppression, when h¯γ/J = 5.0,
we can compute long-time dynamics of a relatively large
system, sayM = 256. The general tendency of the entan-
glement entropy in the presence of the two-body losses is
that it rapidly grows in a short time regime and gradu-
ally decreases due to the two-body losses after taking a
maximal value. We show below that the maximal entan-
glement entropy during the time evolution at h¯γ/J = 5.0
obeys ALSLC. In Fig. 1(b), we see that a steady-value
region, where Smax(t) takes almost the same value as
the maximal value, develops when the system size in-
creases (see, e.g., the region 15 <∼ tJ/h¯ <∼ 30 in the case
of (h¯γ/J,M) = (5.0, 128)). The presence of the steady-
value region allows us to identify the states with ALSLC
analyzed in the present work as those in the realm of the
MIT [12–14].
Figure 2 shows the maximal values of the entangle-
ment entropy, maxt Smax(t), during the time evolution
as a function of the system size M for h¯γ/J = 0.5, 5.0,
50.0, and 500.0. When the dissipation is as small as
h¯γ/J = 0.5 or is as large as h¯γ/J = 500.0, the entangle-
ment entropy grows linearly with M within the system
size that we can numerically compute (M ' 24), i.e., it
follows the volume-law scaling. On the contrary, in an
intermediate dissipation regime, including h¯γ/J = 5.0
and 50.0, the entanglement entropy grows logarithmi-
cally with M , i.e., it follows ALSLC. We call the scaling
with the logarithmic correction as area law in the sense
(a) (b)
FIG. 2. System size M dependence of the maximal entangle-
ment entropy maxt Smax(t) (a) in the linear scale for M and
(b) in the logarithmic scale for M . The blue solid, orange
dashed, green dashed-dotted, and red dotted lines correspond
to h¯γ/J = 0.5, 5.0, 50.0, and 500.0, respectively. Error bars
indicate 1σ uncertainty.
that the correction grows more slowly with the system
size than algebraic growth, i.e., it is not extensive. This
observation means that when the strength of the dissi-
pation increases, the system exhibits a transition from a
volume-law state to an ALSLC state at a relatively small
value of dissipation and the other transition to another
volume-law state at a relatively large value. In short, in
the present system the MIT has the reentrant structure.
The presence of the volume-law state at the small dis-
sipation, h¯γ/J = 0.5, implies that there is a finite criti-
cal value (h¯γ/J)c for the MIT likewise the cases of ran-
dom unitary circuits. On the other hand, that at the
large dissipation, h¯γ/J = 500.0, can be interpreted as
a consequence of the continuous QZE. More specifically,
the strong two-body losses suppress double occupation at
each site such that the particles in the system behave as
hardcore bosons [38]. Hence, after several loss events at
an early time range, which create a considerable number
of holes, the measurement events rarely happen so that
the holes spread ballistically to lead to the volume-law
entanglement.
Ergodicity breaking.– In closed systems, a kind of the
entanglement entropy, namely the 2nd order Re´ny en-
tropy, has been observed in experiments with ultracold
gases in optical lattices by preparing a copy of the tar-
get system and measuring interference between the target
and the copy [39, 40]. However, in open systems with dis-
sipation, it is hard to use the same protocol because the
copy cannot perfectly mimic measurement events which
happen in a stochastic manner. Hence, it is imperative
to point out alternative experimental observables that
can distinguish the ALSLC states from the volume-law
states.
For this purpose, we borrow an idea from the experi-
mental confirmations of the MBL states [22, 41], which
has utilized the breaking of ergodicity as an indicator of
the area-law states. In an area-law state, a part of a sys-
tem does not possess an extensive entanglement entropy
and thus cannot act as a thermal bath for the rest of the
system [42]. The absence of the thermal bath results in
4the ergodicity breaking that is manifested, e.g., by the
spatial imbalance of particles [22, 41]. We expect that
also in the MIT, such ergodicity breaking can be useful
for experimentally characterizing the ALSLC states.
In order to confirm this expectation, we simulate the
following dynamics: In a 2M -site system, we prepare
an initial state |ψ0〉 =
∏M
i=1 bˆ
†
i |0〉 in the left half of the
system and set a high barrier potential 100J
∑2M
i=M+1 nˆi
which prevents the particles from coming into the right
half. After t = trel, we turn off the barrier potential and
release the particles to the right half of the system. trel is
chosen to be within the time region where Smax(t) takes
almost a steady value. We characterize the breaking of
ergodicity by comparing the number of particles in the
right half, i.e., Nr =
∑2M
i=M+1 〈nˆi〉 with the half of the
number of remaining particles N/2. Both Nr and N/2
can be measured in experiments [41].
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Nr Nr
N/2 N/2
FIG. 3. Time evolution of the number of particles in the
right half of the system Nr (blue solid line) and the half
of the remaining number of particles N/2 (orange dashed
line) for (a) (h¯γ/J, 2M, trelJ/h¯) = (5.0, 128, 10) and (b)
(h¯γ/J, 2M, trelJ/h¯) = (0.5, 40, 5).
Figure 3(a) represents the time evolution of Nr and
N/2 for (h¯γ/J, 2M, trelJ/h¯) = (5.0, 128, 10), where the
state at t = trel is an ALSLC state. For the broad region
60 <∼ tJ/h¯ <∼ 100, there is a visible difference between
N/2 and a converged Nr [43]. The difference means that
the delocalization of the particles is suppressed due to the
dissipation, thus signaling the ergodicity breaking. By
contrast, for (h¯γ/J, 2M, trelJ/h¯) = (5.0, 128, 10), where
the state at t = trel is a volume-law state, Nr exceeds
N/2 before the convergence as seen in Fig. 3(b) [43]. This
overshoot behavior implies ballistic transport of the par-
ticles, which is consistent with the fact that in a volume-
law state quantum information ballistically propagates.
In order to quantitatively judge whether dynamics is
ergodic or non-ergodic, we calculate the imbalance be-
tween Nr and N/2 defined as
P =
N/2−Nr
N/2 +Nr
(10)
at tobs = trel + h¯M/J . tobs − trel corresponds to a rough
estimate of the time scale in which the particles released
at t = trel reaches the right edge of the system. If P sig-
nificantly exceeds zero, the state at t = trel is an ALSLC
FIG. 4. The imbalance P versus the dissipation strength h¯γ/J
at tobs = trel + h¯M/J . For the simulation with 2M = 40,
we use trelJ/h¯ = 5.0 for h¯γ/J ≤ 5.0 and set trelJ/h¯ to 6.0,
10.0, 15.0, 20.0, and 30.0 for h¯γ/J = 10.0, 20.0, 50.0, 100.0,
and 500.0, respectively. For 2M = 64 (128) case, we use
trelJ/h¯ = 10.0 for h¯γ/J ≤ 20.0 (10.0) and trelJ/h¯ = 20.0 for
h¯γ/J = 50.0 (20.0).
state. If P ≤ 0, that is a volume-law state. Otherwise,
the state lies in an intermediate regime. Figure 4 rep-
resents P versus h¯γ/J for 2M = 40, 64, and 128. The
distinction between the volume-law and ALSLC states
made from P is consistent with the scaling law shown
in Fig. 2. We also see that the imbalance becomes more
visible as the system size increases. Although it is quite
difficult to access the volume-law region in the case of the
larger systems (2M = 64 and 128) with numerical sim-
ulations, it is expected that P ≤ 0 in an ergodic system
regardless of the system size. In short, the imbalance P
serves as an indicator of whether the initial state of the
release dynamics is the ALSLC or the volume-law state,
which can be observed in experiments.
Summary.– We proposed the measurement-induced
transitions (MITs), which have been theoretically found
in recent studies of quantum circuit models [12–21], can
be experimentally observed by using ultracold bosons in
optical lattices with controllable dissipation. We em-
ployed a quasi-exact numerical method to investigate
effects of dissipation on quench dynamics of the one-
dimensional Bose-Hubbard model with a two-body loss
term. By computing the maximal entanglement entropy
of the system during the time evolution, we found two
MITs. Specifically, when the strength of the dissipation
increases, the scaling of the entanglement changes from
a volume law to an area law with a logarithmic correc-
tion, and again to the volume law. We suggested that
ergodicity breaking in the dynamics after release of the
particles to an empty space is a signature observable in
experiments for distinguishing the area-law states from
the volume-law states.
We could not locate precisely the critical points for
the two MITs because it was impossible to efficiently
5describe the volume-law states of the dissipative Bose-
Hubbard model with currently available numerical tech-
niques. Since in experiments with ultracold gases the
tractable system size is not limited by the volume-law en-
tanglement, the determination of the critical points will
be a meaningful target of quantum simulations.
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S1. SUPPLEMENTAL DATA FOR ERGODICITY BREAKING
In this section, we show some supplemental data for the ergodicity breaking discussed in
the main text. Figure S1 shows the spatial distribution of particles at tJ/h¯ = 100.0 with
(h¯γ/J, 2M, trelJ/h¯) = (5.0, 128, 10), which corresponds to Fig. 3(a) in the main text. The
duration of 90.0h¯/J seems sufficiently long for particles in the left half of the system to
spread to the right half 64 sites (see also Fig. S2(b)). Nevertheless, one can see the clear
population imbalance between the left half and the right half of the system. The imbalance
Site number i
FIG. S1. Spatial distribution of particles at tJ/h¯ = 100.0 in the dynamics of Fig. 3(a) of the main
text. Error bars indicate 1σ uncertainty.
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FIG. S2. Time evolution of the number of particles in the right half of the system Nr (blue
solid line) and the half of the number of remaining particles N/2 (orange dashed line) for (a)
(h¯γ/J, 2M, trelJ/h¯) = (5.0, 40, 5.0) and (b) (h¯γ/J, 2M, trelJ/h¯) = (500.0, 40, 30.0). Error bars indi-
cate 1σ uncertainty.
of the particle distribution shown in Fig. S1 is a signature of the ergodicity breaking, i.e.,
the area-law scaling with a logarithmic correction (ALSLC). In the main text, we use the
quantity P of Eq. (10) for characterizing the population imbalance.
Figure S2 represents the time evolution of the number of particles in the right half of the
system Nr and the half of the number of remaining particles N/2 in 40-site systems. In the
ALSLC case, namely h¯γ/J = 5.0, N/2 is noticeably larger than Nr at t = tobs = 25h¯/J ,
meaning that the particles are localized. Even at t > tobs, Nr does not exceed N/2. By
contrast, in the volume-law scaling case, namely h¯γ/J = 500, Nr exceeds N/2 roughly at
tJ/h¯ ≥ 45. This overshoot means that the transport of the particles is rather ballistic,
i.e., it reflects the delocalization nature of the particles in the volume-law states. Notice
that although we expect that after the overshoot and a few subsequent oscillations Nr and
N/2 approaches to relax to the equilibrium, i.e., the volume-law states exhibit the ergodic
dynamics, it is difficult to corroborate this expectation in our numerical simulations.
S2. ANOTHER POSSIBLE SIGNATURE: MOMENTUM DISTRIBUTION
In this section, we show that the momentum distribution
〈nˆk〉 = 1
M
∑
ij
〈b†ibj〉 eik(i−j), (1)
3FIG. S3. Normalized momentum distributions for several values of the dissipation strength γ at
the time that gives maxt Smax(t). The blue solid, orange dashed, green dashed-dotted, and red
dotted lines correspond to h¯γ/J = 0.5, 5.0, 50.0, and 500.0, respectively. The system size M is set
to 20 in order to investigate a vast range of γ. Error bars indicate 1σ uncertainty.
which is a standard observable in ultracold-gas experiments, also reflects the scaling law of
the entanglement entropy. Here, we set the lattice spacing to unity. While the signature
seen in the momentum distribution is less direct than in the ergodic breaking, it is still
useful in the sense that many groups conducting ultracold-gas experiments can access the
momentum distribution relatively easily.
Figure S3 shows the normalized momentum distributions for h¯γ/J = 0.5, 5.0, 50.0, and
500.0 at the time that gives maxt Smax(t) (See the main text for the definition). The system
size is set to M = 20 in order to compute states with the volume-law entanglement. In each
of the three different regions of the dissipation strength, 〈nˆk〉 /N exhibits a distinct signal.
Here, N is the total number of remaining particles in the system. In the case of the small
dissipation, h¯γ/J = 0.5, there exists a single peak at k = 0. In the intermediate region,
including h¯γ/J = 5.0 and 50.0, the dips at |k| = pi/2 are developed. In the case of the
strong dissipation, h¯γ/J = 500.0, the distribution is almost flat. In order to characterize
the signals more quantitatively, we show in Fig. S4 the visibility 〈nˆpi〉 / 〈nˆpi/2〉 as a function
of h¯γ/J . Since the visibility becomes considerably large in the intermediate region, where
the states with ALSLC emerge, it can be used for distinguishing the states with ALSLC
from the volume-law states. Notice that the visibility at M = 20 shown in Fig. S4 does not
exhibit any singular behaviors across the transition points because the system size is too
4FIG. S4. Visibility 〈nˆpi〉 / 〈nˆpi/2〉 as a function of the dissipation strength γ. Although it is in practice
impossible to precisely determine the critical points with our matrix product states method, we
have checked that the states in the region 2 ≤ h¯γ/J ≤ 50 safely obey ALSLC. Error bars indicate
1σ uncertainty.
small.
The emergence of the dip structure in the intermediate region can be understood as a
quantum Zeno effect in the momentum space. At t = 0, there is no doubly-occupied site as
depicted in Fig. S5 (a). This means that in order for the loss events to happen, particles have
to move with finite group velocity. In other words, the loss event is more probable for faster
particles. Since the group velocity is the largest at |k| = pi/2 in the single-particle band of
the one-dimensional Bose-Hubbard model, which is −2J cos k, the particles with |k| = pi/2
is the most likely to be lost. In Figs. S5 (b) and (c), we compare the momentum distribution
right before and after a loss event during early-time dynamics and see that the momentum
distribution of the lost two particles is indeed peaked at |k| = pi/2. As a consequence of
series of such loss events, 〈nˆk〉 /N forms the dips at |k| = pi/2. After the formation of the
dip structure, the stronger dissipation for faster particles suppresses the redistribution of
the particles towards states around |k| = pi/2.
S3. TIME EVOLUTION OF THE NUMBER OF REMAINING PARTICLES
In the Lindblad dynamics shown in the main text, the number of particles N decreases
as time evolves because of two-particle losses. In this section, we present the decay of the
5(a)
t = 0 t > 0
(b) (c)
FIG. S5. (a) A possible loss process in the early time dynamics. Atoms with finite group velocity
tend to be lost. (b) Momentum distributions before (blue solid line) and after (orange dashed line)
a loss event in the early time dynamics. (c) Difference of momentum distributions before and after
the loss event. To obtain the momentum distributions, we set M = 64.
number of particles and its dependence on the system size M . Figure S6 represents the
time evolution of the average density N/M in the dynamics shown in Fig. 2 of the main
text. As one can see, for both h¯γ/J = 0.5 and 5.0 cases, the density decreases algebraically
in long-time dynamics and its dependence on the system size is almost absent. Therefore,
with a sufficiently large system, one can access long-time behaviors without suffering particle
losses as shown in Fig. S7, which represents the number of remaining particles at the time
point when the entanglement entropy takes its maximal value. As system size increases, the
remaining number of particles also increases though the time point of the maximal value
becomes late. The exponents of the algebraic decreases estimated from the linear fits are
−0.65 for h¯γ/J = 0.5 and −0.66 for h¯γ/J = 5.0. These exponents are insensitive to the
change of the scaling law of the entanglement entropy.
S4. HUBBARD INTERACTION DEPENDENCE
In this section, we discuss how the Hubbard interaction U affects the measurement-
induced transitions. Figure S8(a) represents the system size M dependencies of the maximal
6Linear scale Log-log scale
FIG. S6. Time evolutions of the number of remaining particles per site for several system sizes
with h¯γ/J = 0.5 and h¯γ/J = 5.0. The Hubbard interaction U/J is set to 5.0. Linear fits are
obtained from the data for t > 10h¯/J (t > 5.0h¯/J) in the largest M for h¯γ/J = 0.5 (h¯γ/J = 5.0)
case. Error bars indicate 1σ uncertainty.
(a) (b)
FIG. S7. The system size M dependencies of the number of remaining particles N when the
entanglement entropy takes the maximal value for (a) h¯γ/J = 0.5 and (b) h¯γ/J = 5.0. Error bars
indicate 1σ uncertainty.
7(a) (b)
FIG. S8. System size M dependencies of the maximal entanglement entropy maxt Smax(t) (a) with
U/J = 1.0 and (b) with U/J = 10.0 for several strengths of the dissipation γ. Error bars indicate
1σ uncertainty.
value of the entanglement entropy maxt Smax(t) with U/J = 1.0, which is considerably
smaller than the case discussed in the main text. There we see two transitions of the scaling
law of the entanglement entropy likewise the U/J = 5.0 case. In contrast to the U/J = 5.0
case, even with a small dissipation h¯γ/J = 0.5, the scaling law of the entanglement entropy
is ALSLC. This can be attributed to the fact that the double occupancy rate increases and
thus the probability of measurements is effectively enhanced.
Figure S8(b) represents maxt Smax(t) verses M for U/J = 10.0, which is twice as large
as the case discussed in the main text. When h¯γ/J increases, the system exhibits two
transitions from the volume-law scaling to ALSLC, and again to the volume-law one. Such
a behavior is similar to the results at U/J = 5.0.
